Abstract Myocardial ischemia is characterized by a decrease in phosphocreatine (PCr) and Mg 2+-ATP contents as well as an accumulation of myosin ATPase reaction products (inorganic phosphate [Pi], protons, and Mg 2+-ADP). The possibility that these metabolites play a role in rigor tension development was checked in rat ventricular Triton X-100-skinned fibers. Rigor tension was induced by stepwise decreasing (P<.001) in the absence of PCr; at pMg2+-ATP 4, no rigor tension was observed until PCr concentration was decreased to <2 mmol/L. At acidic pH, maximal rigor tension was lower by 29% compared with control conditions, whereas in the presence of Mg 2 -ADP, maximal rigor tension developed to 143% of the control value; Pi had no effect. The tension-to-stiffness (measured by the quick length-change technique) ratio was lower in rigor (no PCr and pMg 2+-ATP 6) than during Ca 2+ activation in the presence of both PCr and ATP. Compared with control rigor conditions, this parameter was unchanged by Mg 2+-ADP and decreased by acidic pH, suggesting a proton-induced decrease in the amount of force per crossbridge. In addition to their known effects on active tension, Mg 2`-ADP and protons affect rigor tension and influence ischemic contracture development. It is concluded that ischemic contracture and increased myocardial stiffness may be mediated by a decreased PCr and local Mg 2+-ADP accumulation. This emphasizes the importance of myofibrillar creatine kinase activity in preventing ischemic contracture. (Circ Res. 1994;74:920-929.) Key Words * skinned fibers * acidosis * creatine kinase * phosphocreatine * adenine nucleotides C ontractile dysfunction is one of the earliest consequences of myocardial ischemia. Contractile force is depressed within 10 seconds after the onset of ischemia and is generally abolished after 5 to 10 minutes. After 10 to 20 minutes of ischemia, a gradual rise in diastolic tension, the ischemic contracture, occurs. Identification of the ischemic contracture in the human heart led Katz and Tadal to propose that the "stone heart," which is due to a failure of the ischemic myocardium to relax, reflected a state of rigor that could be attributed to loss of myocardial energy stores. Despite extensive description, the fundamental basis of the development of ischemic "contracture" is still under debate. may develop even in the absence of any rise in internal Ca'+ and many authors pointed out a dissociation between a rise in internal Ca`and the rise in resting tension.45 Recent data obtained using nuclear magnetic resonance to measure internal Ca'+ and ATP in the same preparations indicate that ATP depletion correlates much better with the occurrence of ischemic contracture than do changes in internal Ca +.6 Indeed, there is an increasing amount of evidence indicating the rigor origin of this increase in tension. Using the quick length-change method, we were able to show that the rise in resting tension after hypoxia or metabolic inhibition was not related to an activation of contractile proteins by myoplasmic Ca'+ but was rather mediated by the formation of rigor bridges, suggesting low ATP availability at myofilaments.7 More recently, Leijendekker et al8 showed that the development of unstimulated force during severe hypoxia in rat trabeculas was completely due to the formation of rigor links, whereas Cal'-dependent crossbridges contribute to the rise in force during less severe hypoxia.
C ontractile dysfunction is one of the earliest consequences of myocardial ischemia. Contractile force is depressed within 10 seconds after the onset of ischemia and is generally abolished after 5 to 10 minutes. After 10 to 20 minutes of ischemia, a gradual rise in diastolic tension, the ischemic contracture, occurs. Identification of the ischemic contracture in the human heart led Katz and Tadal to propose that the "stone heart," which is due to a failure of the ischemic myocardium to relax, reflected a state of rigor that could be attributed to loss of myocardial energy stores. Despite extensive description, the fundamental basis of the development of ischemic "contracture" is still under debate. An alteration of the contractile proteins themselves can be ruled out, since no evidence of myofibrillar damage could be shown after severe ischemia and reperfusion.2, This rise in tension can be attributed either to an increase in internal Ca2, leading to actively cycling crossbridges or to the formation of rigor crossbridges after local ATP depletion. In fact, arguments have been accumulating in favor of the second hypothesis. Ischemic or hypoxic contracture tween a rise in internal Ca`and the rise in resting tension. 45 Recent data obtained using nuclear magnetic resonance to measure internal Ca'+ and ATP in the same preparations indicate that ATP depletion correlates much better with the occurrence of ischemic contracture than do changes in internal Ca +. 6 Indeed, there is an increasing amount of evidence indicating the rigor origin of this increase in tension. Using the quick length-change method, we were able to show that the rise in resting tension after hypoxia or metabolic inhibition was not related to an activation of contractile proteins by myoplasmic Ca'+ but was rather mediated by the formation of rigor bridges, suggesting low ATP availability at myofilaments. 7 More recently, Leijendekker et al8 showed that the development of unstimulated force during severe hypoxia in rat trabeculas was completely due to the formation of rigor links, whereas Cal'-dependent crossbridges contribute to the rise in force during less severe hypoxia.
However, the exact relation between ATP depletion and rise in rigor tension is not fully understood. During ischemia, phosphocreatine (PCr) rapidly drops while Mg 2+-ATP declines more slowly, and the ATP threshold for rigor tension development has been estimated to be 2 mmol/L.9 Skinned-fiber studies revealed that a decrease in [PCr] shifts the dependence of rigor tension development toward higher [Mg2+-ATP] levels in skinned fibers. [10] [11] [12] More recently, similar results have been acquired in skinned isolated cells. 13-'5 The products of a variety of catabolic pathways accumulate during myocardial ischemia. Among them are the products of ATPase reactions such as Mg`-ADP, protons, and inorganic phosphate (Pi), which are known to significantly influence active force. It is thus reasonable to suppose that these products can modulate rigor force as well.
The purpose of the present study was to evaluate the role of PCr and Mg '+-ATP as well as the influence of Mg 2+-ADP, protons, and Pi, separately and in combination, on the generation of rigor tension and stiffness. Experiments were performed in ventricular rat cardiac fibers skinned by Triton X-100. Results suggest that PCr depletion and Mg 2+-ADP accumulation can be among the major factors contributing to the development of rigor tension and stiffness in ischemic or hypoxic myocardium. These results also provide additional evidence for the role of myofibrillar creatine kinase (CK) in maintaining a high local ATP-to-ADP ratio.
Materials and Methods

Mechanical Experiments Muscle Preparation
Muscle fiber bundles were dissected in papillary muscles from the left ventricle of rats in a zero-Ca 2+ Krebs' solution, pH 7.4. The mean diameter of the preparations was 194± 7 gm (n=46), and the mean length was 1406+51 ,gm (n=46). Fibers were incubated for 1 hour in a relaxing solution (pCa 7; see solutions below) containing 1% Triton X-100 to solubilize the membranes and were then transferred to the relaxing solution without detergent. After the skinning procedure, the fiber was mounted in the experimental apparatus. It was adjusted to slack length, stretched by 20%, and subjected to an activation/ relaxation cycle. For stiffness measurements, sarcomere length was adjusted to 2.1 to 2.2 gm using laser diffraction (10 mW He-Ne laser, Spectra Physics Inc, Mountain View, Calif) after the first activation cycle. In most cases, the diffraction pattern was lost during activation and could not be followed. However, it was possible to observe that when sarcomere length was adjusted after the first activation/relaxation cycle, a better preservation of the diffraction pattern could be obtained; in these cases, sarcomere length variation was < 1 gim. The 
Stifjness Measurements
Fiber stiffness was estimated by the quick length-change technique. The spike of tension in phase with the length change characterizes the elastic phase. 17 Stiffness was the extreme tension reached during stretch (millinewtons per square millimeter) divided by the length change (micrometers). A series of seven stretches and five releases of 0.3% to 3% of the initial muscle length were applied in relaxing, activating, or rigor solutions. Only responses to stretches were used for calculations. Each value is the mean of five to seven determinations after stretches of varying amplitudes in a given experimental condition. A first series of length changes was imposed in the relaxing solution to assess passive properties of the fiber. Resting stiffness was calculated by linear regression analysis on the responses to stretches. Then a second series of length changes was initiated in control activating solution. Tension level before the first stretch was taken as maximal tension and used for normalizations. During a contraction, the substrate concentration in the core of fibers of large diameter is more likely to fall because the distance for ATP diffusion is high. Fibers having the largest diameter should therefore have a higher sensitivity to Mg 2+-ATP. To test whether diffusion distance plays a critical role in determining pMg 2+_ ATP50 values, we have studied the relation between pMg 2+-ATP50 and fiber diameter. The data showed that there was no significant correlation for diameters ranging from 150 to 280 ,um (r=-.426, n=18, P>.05).
Effect of Acidification on Rigor Tension Development
Intracellular acidification is a hallmark of the ischemic insult. 20 We studied the effects of acidification on maximal rigor tension and on Mg 2+-ATP sensitivity in the presence and absence of PCr (Fig 2A and Table 1 ). ADP strongly affects rigor tension development in the absence of PCr.
Effects of Mg 2+ADP and Acidic pH on Stiffness
Changes in maximal force can originate from an altered number of attached crossbridges or a lower force generated per crossbridge or both. To understand the reasons for the increase in maximal rigor tension by Mg 2+-ADP and for the decrease in acidic medium, fiber stiffness was measured to assess the number of attached crossbridges in the different conditions. Series of quick length changes were applied at rest, during Ca2+ activation, and in rigor conditions. Between each series, the fiber was bathed in the relaxing solution before the induction of a new rigor tension. The plots of tension as a function of length changes are shown in Fig 6. To bring about a change in the stiffness-to-force ratio, rigor tension was scaled to maximal activated tension. In these conditions, it can be seen that the slope of the relation between tension and length in rigor conditions was steeper than in Ca2'-activated tension. On the other hand, stiffness in control rigor was not different from active stiffness ( Table 2) , showing that no additional crossbridges were attached in rigor compared with Ca2+-activated conditions. Since tension was lower (37.0±2.3 versus 9.48±1.05 mN/mm2 in rigor, P<.001), the tension-to-stiffness ratio decreased from 49.9±1.2 to 12.6±1.0 nm in rigor, indicating that more rigor bridges would be needed to induce a tension equal to active tension; ie, on average, each crossbridge in rigor would develop lower force.
At acidic pH (pH 6.6), the slope of the length/rigor tension relation scaled to activated tension was increased compared with control rigor conditions ( Fig  6B) . Rigor tension was decreased by 52%, whereas absolute stiffness was decreased by only 20% (Table 2) . Consequently, the tension-to-stiffness ratio decreased to 62% of the control rigor value. Acidic pH markedly affected rigor crossbridges; it induced a small decrease in the number of attached crossbridges together with a marked drop in the force per crossbridge. These results 
Discussion
We have investigated the influence of metabolite changes associated with ischemia on the development of rigor tension using skinned ventricular fibers of rat heart in experimental solutions mimicking the intracellular milieu during ischemia. The results suggest that the decrease in PCr and the local accumulation of ADP could be the main factors involved in the increase in diastolic tension and stiffness observed during metabolic impairment of myocardium. These results emphasize the role of myofibrillar CK for the maintenance of relaxation and distensibility and optimal left ventricular filling in the normal myocardium.
Skinned Fibers and Diffusion
One potential problem is whether it is really possible to study Mg 2'-ATP depletion impact on contraction in skinned fibers. (15) 11.9±0.9 (14) 5.89+0.37t (11) Stiffness, relative values 1 (15) 1.05±0.04 (15) 0.87±0.03t (13) 1.13±0.03 (13) 0.99±0.05 (11) Tension-to-stiffness ratio, nm 48 .6±1.2 (15) 12.6+1.0* (15) 7.8+0.9t (13) 15.0±0.7 (13) 7.4±0.8t (11) caused by a recruitment of crossbridges interacting with actin. Bagshaw and Trentham33 showed that three steps were involved in the interaction between protons and the actomyosin reaction: (1) release of H' at the myosin-product isomerization step or Pi dissociation step, (2) release of H' when ATP binds to myosin, and (3) take up of H' when ADP dissociates. One can hypothesize that the number of crossbridges would be affected by an increase in the population of weakly bound crossbridges due to the reversal of the weak-tostrong binding states and that force per cross bridge would be decreased because of the decrease in the free energy change of ATP hydrolysis in the presence of protons. In addition, the decreased sensitivity to Mg 2+_ ATP depletion could be explained by a facilitating effect of protons on the Mg The fact that acidic pH is able to shift the two curves (with and without PCr) to the same extent suggests that protons do not affect myofibrillar CK activity. Moreover, it also suggests that rigor tension development in the presence of PCr is limited by the Km of myosin ATPase for Mg`+-ATP rather than by the CK reaction itself. Indeed, the apparent Km is 10 gmol/L, a value close to the Km of myosin ATPase in myofibrils in the presence of an ATP-regenerating system. 35, 40 The presence of P1 decreases the CK efficacy at both normal and acidic pH. This effect cannot be related to the detachment of CK from myofibrils as is the case in mitochondria. 41 This effect should rather be related to the inhibiting effect of anions on CK activity,'8 as was previously suggested. 27 
Ischemic Contracture
Ischemic contracture develops when PCr falls to very low levels, followed by a slow decline in ATP and a severalfold increase in [ADP] . The occurrence of rigor force and stiffness, after PCr fall and an increased myofibrillar ADP-to-ATP ratio, provides a plausible explanation for the development of contracture. Indeed, our data show that rigor tension development depends on a complex interplay between PCr, Mg2+-ATP, and Mg 2+-ADP and that even with [PCr] in the millimolar range, an increased ADP-to-ATP ratio can produce substantial rigor tension. Moreover, the delayed onset and reduced amplitude of ischemic contracture by acidosis42 is also explained by the direct effect of protons on rigor tension, with the indication that stiffness would nonetheless be elevated. In contrary to active tension, rigor tension is not Left ventricular chamber stiffness increases when myocardial 02 demand exceeds supply; this can be associated with a substantial prolongation of the time constant of left ventricular relaxation. 47 The diastolic properties of the left ventricle are important determinants of cardiac function. An increase in diastolic tension will decrease cell perfusion, impede relaxation, and decrease ventricular filling and cardiac output. A decreased ATP-to-ADP ratio in the myofibrillar compartment, by slowing crossbridge kinetics, may decrease the rate and extent of relaxation. Impairment of the PCr shuttle may be one of the numerous factors responsible for diastolic abnormalities in the failing myocardium.
In the severely ischemic zones, an increase in diastolic tension and stiffness occurs at a time when systolic pressure is already abolished or greatly impaired. Under these circumstances, rigor tension or stiffness in the absence of PCr may appear as a "switch off' of energy expenditure for contraction. It would permit sustained tension at low energy cost. This maintained tension may be of vital importance for ischemic cardiac cells, preventing overstretching and membrane disruption. Furthermore, for the whole heart, the development of rigor tension in the ischemic zone may help to avoid local dilation and the development of aneurysm; it will also preserve mechanical coupling between adjacent contracting regions. Different structures participate in the increased resistance to stretch in cardiac tissue; among them are a higher content in connectin (titin) filaments48 and the extracellular matrix of collagen. 49 It is tempting to speculate that in cardiac muscle the low Kd value of myosin ATPase for Mg 2"-ADP also represents an adaptative mechanism against cell overstretching.
